This paper reviews the terms and major criteria used to define and limit the pollen season. Pollen data from Cordoba (Spain), Ourense (Spain) and Bologna (Italy) were used to ascertain the extent to which aerobiological results and pollen curves are modified by the criteria selected. Results were analysed using SpearmanÕs correlation test. Phenological observations were also used to determine synchronization between pollen curves and plant phenology. The criteria for limiting the shortest and longest pollen season periods, as well as the earliest and latest start and end dates, varied according to the city and the taxon under study; in many cases, results for a given taxon also depended on the year. The smallest differences were obtained for Platanus and the greatest for Poaceae.
Introduction
The annual pollen curve of a given taxon charts daily mean pollen concentrations over the year. Aerobiological studies often use only pollen data from the period over which most of the annual total pollen count is recorded. Various terms are used in the literature to define this period: pollen season, main pollen season or main pollen period (Ma¨kinen, 1977; Nilsson and Persson, 1981) , period of maximum pollen production (Gonza´lez et al., 1998; Nitiu, 2003) , pollination period, pollination season, main pollination season, principal pollination period (Lejoly-Gabriel and Leuschner, 1983; Ja¨ger et al., 1996; Clot, 1998; Comtois, 1998; Frenguelli et al., 2002; Syrigon et al., 2003) , effective pollen season (Giorato et al., 2000) and atmospheric pollen season .
This period has been defined in a number of ways. One of these -widely used in the past and still found today -is the period over which a given percentage of the total annual pollen count is recorded in the atmosphere (Nilsson and Persson, 1981; Andersen 1991; Torben, 1991; Gala´n et al., 1995) . Another definition refers to the period between the first and last day with pollen counts higher or lower than a specific level (Davies and Smith, 1973; Giorato et al., 2000; Clot, 2001; Sa´nchez-Mesa et al., 2003) .
Daily cumulative pollen counts can be represented by a sigmoid curve with two bends, one corresponding to the start and the other to the end of the main pollination period (Pathirane, 1975) , representing the percentage of the total pollen amount including variable amounts (Ma¨kinen, 1977) . Several authors have defined the period in terms of the time elapsing between 2 days on which specific values or conditions are registered (Mullenders et al., 1972; Lejoly-Gabriel and Leuschner, 1983; Spieksma et al., 1995; Ja¨ger et al., 1996; Feher and Ja`raiKomlo´di, 1997) .
In order to develop models for predicting the onset of pollination, various criteria can also be used to select only the pollen-season start-date. The start-date is most commonly taken to be the date when cumulative average daily pollen counts (accumulated from a specific date according to the taxon concerned, generally 1 January) reach a given value. For the grasses, these are S50, S75, S100 and S125; for birch, S25. Other authors use the first date on which daily average concentrations reach either a given value (Davies and Smith, 1973; Driessen et al., 1989 Driessen et al., , 1990 Rogers, 1997; Norris Hill, 1998; Newnham, 1999; Clot, 2001) , or a given percentage of the annual total (Pathirane, 1975; Frenguelli et al., 1991) . Finally, the start of the pollen season can be taken as the date from which pollen grains are recorded on a continuous basis; in this case, a range of criteria are used to determine such data (Clot 1998; Garcı´a-Mozo et al., 1999; Jato et al., 2002) .
Pollen curves charting airborne pollen from plants flowering in the vicinity of the pollen-trap are therefore held to represent the timing of flowering of these plants. However, pollen-curve behaviour may be influenced by a number of other factors. The start-date may, in fact, correspond to pollen from earlier-flowering plants elsewhere, subsequently transported over long distances; some authors therefore exclude this pollen in order to avoid confusion (Dahl and Strandhede, 1996; Porsbjerg et al., 2003) . Given that this pollen can prompt high counts, calculation of the pollen season may vary considerably, and pollen curves may be substantially modified. Moreover, turbulence may keep wind-dispersed pollen in the air, or resuspend it, after the end of flowering; this can alter the synchronization between flowering dates and pollen curves by increasing airborne pollen counts even once flowering has ended.
Some pollen types include several species whose flowering periods occur at different times of year. In certain cases, two or more clearly separated pollen seasons can be defined; this is true of Fraxinus angustifolia, which flowers in late December or early January, and F. excelsior, which flowers later in parts of Galicia-northwestern Spain . Depending on local weather conditions, certain species may flower twice in the same year; this has been reported for both Quercus rotundifolia and Q. suber in southern Spain, which flower in spring but also, in some years, in the autumn (Go´mez-Casero, 2003) .
It would therefore be useful to determine whether a single criterion can reasonably be used to delimit the main period during which pollen is present in the air or whether the selection of criteria is of necessity governed by pollen type, geographical area or other considerations. Current aerobiological terminology also requires some standardization to enable precise definitions that are readily understood in all quarters.
The aims of this paper were to analyse the terms used in aerobiological literature, with a view to selecting, if possible, the most appropriate of these for defining the period in question and to examine the extent to which aerobiological results and pollen curves are influenced by the criteria used to fix the start and end of the pollen season.
Materials and methods
In addition to analysing the terms and criteria widely used to define and limit the pollen season (Mullenders et al., 1972; Davies and Smith, 1973; Pathirane, 1975; Ma¨kinen, 1977; Nilsson and Persson, 1981; Lejoly-Gabriel and Leuschner, 1983) , we have reviewed relevant papers published in Aerobiologia and Grana since 1990 and in the International Journal of Biometeorology from 2000 in order to examine the most commonly used terms and criteria. Pollen season was characterized by means of ten criteria ( Table 1) . The selection was made taking into account its frequency but also the diversity of definitions, including criteria to select both the start and end dates of pollen season.
The study reported here used data on five pollen types (Betula, Poaceae, Olea, Platanus and (Domı´nguez et al., 1992) .
SpearmanÕs correlation test was used to establish the degree of association, if any, between meteorological parameters and daily mean pollen counts and to analyse differences in correlation coefficient values as a function of the period selected. Pollen and phenological information from Cordoba and various sites in the province of Ourense were also used to analyse other factors that might be involved in defining the period.
Results
The criteria shown in Table 1 used to define the main pollen season were applied in order to examine resulting changes in pollen curves. Table 2 shows, for each taxon, city and year, the minimum and maximum length of the pollen season obtained; in each case, the criterion used and the number of daysÕ difference between maximum and minimum are shown. The earliest and latest pollen-season start and end dates are also shown. The considerably changing pattern of the graphs as a function of the criteria used, together with the shortest and longest periods obtained, are shown in Figure 2 .
The results obtained for Platanus were the most homogeneous, with the differences in duration and the start and end dates being smaller than for the other taxa. The greatest difference in pollen-season duration (27 days) was obtained in Ourense in 2001, when there was continuous and heavy rainfall during the pollen season.
The 98% criterion (Gala´n et al., 1995) yielded the longest Poaceae season in all cities and years, while the criteria proposed by Mullenders et al. (1972) and by Spieksma et al. (1995) yielded the shortest season ( Figure 2b ). Major differences (over 100 days) were observed between pollenseason durations as determined by the various Table 1 . Criteria used to limit the pollen season used Authors Definition Nilsson and Persson (1981) The period from the time the sum of daily mean pollen concentrations reaches 5% of the total sum until the time when the sum reaches 95%; i.e. the time with 90% of the whole pollen amount. Andersen (1991) , Torben (1991) The period from which the sum of daily mean pollen concentrations reaches 2.5% of the total sum until the time when the sum reaches 97.5%; i.e. the time with 95% of the whole pollen amount. Gala´n et al. (1995) The period from which the sum of daily mean pollen concentrations reaches 1% of the total sum until the time when the sum reaches 99% i.e. the time with 98% of the whole pollen amount. Mullenders et al. (1972) Define the main period as beginning on the day when 5 dayÕs concentration reaches at least 1% of the joint total during three consecutive days and ends when the concentration is less than 0.9% during more than 10 days. Spieksma et al. (1995) Use the same criterion as that of Mullenders et al. (1972) but suggest that the 1% of the annual total should be defined as the mean annual total for the years considered. Ja¨ger et al. (1996) Pollen season starts the first day that has a daily count higher than 1% of the annual pollen, presupposing that no more than six subsequent days follow with a zero count. It ends when 95% of the total annual pollen is reached. Lejoly-Gabriel and Leuschner (1983) It starts on the day when the sum of the annual percentages of pollen released by a taxon reaches 5%, provided that this day corresponds to a release higher than 1%. It ends on the last day when the daily percentage is higher than 1% and the sum of the percentage of this day and the percentages of the two preceding days are higher than or equal to 3%. Giorato et al. (2000) Period in Feher and Ja`rai-Komlo´di (1997) Between the first and last days when a concentration of 3 g/m 3 is consistently exceeded;
i.e. the pollen concentration is above 3 g/m 3 on at least 5 days during the following week.
criteria. Start and end dates also varied considerably; the greatest difference was observed for start-date in Ourense in 2001, and for end-date in Bologna in 2002 (Table 2b) . Betula is not found in southern Spain, so only data from Ourense and Bologna were compared. The 98% criterion (Gala´n et al., 1995) also yielded the longest pollen season in each year in both cities. The criterion yielding the shortest season varied and was dependent on the year in the case of Ourense. In Bologna, due to the lower daily mean pollen counts recorded, the shortest season was obtained using the criterion proposed by Sa´nchez Mesa et al. (2003) Differences with respect to the pollen-season start-date were minor (with the exception of 2001 in Bologna, where there was a difference of 40 days); end-date differences were greater, especially in Bologna. It was noticeable that the longest pollen seasons were recorded in the city where the least annual total Betula pollen is captured and that differences between the shortest and longest periods were also greatest in Bologna.
Finally, Olea is also a monospecific pollen type. Every year, the Feher and Ja`rai-Komlo´di (1997) criterion yielded the longest pollen season for Olea in Cordoba, while the Gala´n et al. (1995) criterion gave the longest season in Ourense and Bologna for those years when total pollen counts enabled calculation of the pollen season. Once again, the criteria yielding the shortest period varied depending on year and city. Differences in pollen-season start dates in Cordoba were minimal, although end-date differences were greater (Table 2, Figure 2d) .
In order to determine the extent to which the period selected can influence the results obtained, SpearmanÕs correlation test was applied to pollen data and meteorological parameters (maximum, minimum and medium temperature and rainfall). Where significant correlations were obtained, there were considerable differences between coefficient values depending on the criterion used. For example, for Betula in Bologna and Ourense, there was a positive correlation with maximum temperature (99% significance level); however, substantial differences were found in coefficient values every year, especially in 2001 (values ranged from 0.698 to 0.247 in Bologna and from 0.801 to 0.473 in Ourense) depending on the criterion used to limit the pollen season (Table 3) . Similar results were found for Poaceae in Giorato et al. (2000) ; j, Feher and Ja`rai-Komlo´di (1997); l, Spieksma et al. (1995) Ourense, Bologna and Cordoba; nevertheless, in Cordoba 95% significance levels were recorded only in 2001 and 2002. The different number of days considered with every criteria broadly modify the r 2 adjusted value. The graphs for daily mean Quercus pollen counts in 2002 and 2003 in Cordoba and Ourense show more than one peak, illustrating consecutive flowering periods in both cities (Figures 3, 4) . Depending on the criterion used, a second, completely separate pollen season may be identified in the autumn in Cordoba (Figure 3) . Similarly, application of the most restrictive criteria, such as those of Lejoly-Gabriel and Leuschner (1983) or Spieksma et al. (1995) , yielded two distinct pollen seasons in Ourense (Figure 4 ).
Discussion
Different terms can be used to define the period of time during which most of the annual total pollen count is recorded. Pollen Season appears to refer to a recurring period marked by the presence of pollen, while Main Pollen Season (Ma¨kinen 1977; Nilsson and Persson, 1981) may be interpreted as that portion of the pollen season during which most pollen is recorded. The term Period of Maximum Pollen Production (Gonza´lez et al., 1998; Nitiu, 2003) appears to refer to the period of time during which pollen is produced by the plant, thus stressing the plantÕs physiological activity more than the presence of pollen in the air. However, it is well known that maximum pollen counts and maximum pollen production are not always recorded simultaneously. Other factors such as transport, resuspension and/or weather-related factors can influence pollen content. Similarly, the terms Pollination Period, Pollination Season, Main Pollination Season and Principal Pollination Period (Lejoly-Gabriel and Leuschner, 1983; Ja¨ger et al., 1996; Clot, 1998; Comtois, 1998; Frenguelli et al., 2002; Syrigon et al., 2003) all allude to the fertilization process, i.e. the transfer of pollen from anther to stigma. The same factors mentioned earlier (transport, resuspension and/or meteorological factors) determine the presence of pollen in the air outside the fertilization period. The viability of pollen grains can be altered by the influence of environmental factors, including ultraviolet rays and pollution; many captured pollen grains are unable to fertilize due to changes induced in the atmosphere. The term Effective Pollen Season (Giorato et al., 2000) is somewhat ambiguous: it may denote a period of expected pollen production or of effective pollination; it may even be interpreted as the time during which the pollen count is sufficient to provoke allergy symptoms. Finally, the term Atmospheric Pollen Season is readily understood as the period of time during which pollen is present in the atmosphere, whilst Main Atmospheric Pollen Season could be used to delimit the period during which most pollen is recorded.
The flowering-period for some pollen typesCupressaceae and, in some sites, Alnus -extends from the end of one year to the early months of the next, a fact to be borne in mind in calculating annual total pollen counts.
The use of different methods to delimit the period gives rise to major differences in the resulting length. As indicated earlier, a common method is to use a given percentage of the annual total. Long tails at the beginning and end of the main pollen season hinder statistical analysis and prompt considerable variations when a percentage of the annual total is used to limit the pollen season; if annual total pollen counts vary significantly from year to year (ranging from very high to very low), the same given percentage will correspond to very different values. The application of other methods may therefore prove more useful.
The criteria yielding the shortest and longest periods and the earliest and latest start and end dates varied according to both the city and the taxon under study; in many cases, results for a given taxa also depended on the year. The smallest differences were obtained for Platanus. This is a monospecific pollen type, and most of its pollen generally comes from ornamental trees located in the city and near the pollen-trap. Moreover, blooming is explosive, consequently prompting high airborne pollen counts over just a few days. However, differences appear to be greater when there is heavy rainfall during the pollen season (see data on Ourense, 2001) . The length of the pollen season and annual total pollen recorded each year may be influenced by the weather. Hot periods at the onset of flowering favour the release of pollen from anthers and may lead to a shorter pollen season; in contrast, release is slower in rainy weather or on days without sunshine, and the pollen season therefore lasts longer (Corden et al., 2000; Clot, 2001; Latalowa et al., 2002; Dopazo et al., 2003) . In some cases, particularly long tails may be observed at the beginning and the end of the period.
Betula can be also considered to be a monospecific pollen type. Only B. alba is present in Ourense, apart from a few ornamental B. pendula trees. In Bologna, most of the captured Betula pollen probably came from B. pendula trees located in the mountains far away from the pollen-trap. The pollen grains captured came from birches located at different distances from the trap; since at different altitudes, birches flower at different times, this would lead to longer pollen seasons. It was noticeable that the longest periods in the whole study were found for Bologna, which is also the city for which the lowest annual total Betula pollen counts were recorded and where differences between the shortest and longest periods were the greatest.
The longest pollen seasons were of a similar duration for Olea in all three cities, even though (2003) and Gala´n et al. (1995) . the abundance of this tree clearly differs. The ability of Olea pollen to travel over middle and long distances has been highlighted by various investigators (Meiffren, 1988; Fornaciari et al., 2000b) and, and this factor probably plays a key role in the pollen counts recorded in Ourense and Bologna since there are no major local sources of Olea pollen to account for the levels recorded. In contrast, very high pollen counts were recorded every year in Cordoba due to the predominance of extensive olive-groves. Olea pollen in Cordoba comes not only from the groves surrounding the city but also from later-flowering trees located at higher altitudes and further from the city (Fornaciari et al., 2000b) .
The greatest differences in duration, startdates and end-dates as a function of the criteria selected were observed for Poaceae. This pollen type includes pollen from a large number of species whose flowering-periods overlap from spring to the end of summer. Therefore, it can be concluded that the number of species included in the same pollen type significantly influences the duration of the pollen season.
When aerobiological data are used with a view to deriving models to predict daily mean pollen counts, the relationship between weatherrelated parameters and pollen concentrations is often analysed in order to select the best meteorological parameter to be used as independent variable for the model. In the data assembled here, each taxon behaved differently as a function of each weather parameter, and both levels of significance and correlation coefficient values varied depending on the criteria used and the city under study (Table 3) . With respect to correlation coefficients, therefore, there is no particular reason why we should use only one specific criterion to limit the pollen season; the main aim should be to achieve the best predictive model, irregardless of the criterion used: the criterion used should be the one which is best suited to the aim of each aerobiological survey.
Pollen data can be used as a phenological indicator of flowering, and many phenological studies using pollen data have been conducted in order to determine the chilling and heat requirements for flowering in various species and geographical areas (Garcia-Mozo et al., 2000; Jato et al., 2000; Fornaciari, et al., 2000a; Gala´n et al., 2001; Laaidi, 2001) . Meteorological data are usually supplied by local weather stations to enable calculation of thermic phenological indexes; accurate determination of the start of the Gala´n et al. (1995) and Lejoly-Gabriel and Leuschner (1983) in 2002 and according to the criteria of Gala´n et al. (1995) and Spieksma et al. (1995) Feher and Ja`rai-Komlo´di (1997) and Lejoly-Gabriel and Leuschner (1983) in 2002 and according to the criteria of Feher and Ja`rai-Komlo´di (1997) and Spieksma et al. (1995 Spieksma et al. ( ) in 2003 pollen season according to local flowering is therefore essential. This is particularly true for pollen types whose morphology permits airborne transport from earlier flowering areas, thus prompting a lack of synchronization between onset of flowering and pollen-season start-date. In such cases, phenological observations are required in order to identify the most appropriate start-date on the basis of the phenological behaviour of the taxa surrounding the pollen trap (Fornaciari et al., 2000b; Jato et al., 2002; Hidalgo et al., 2003) . It is particularly important to exclude transported and redeposited pollen scattered outside the flowering time. If this is not excluded, pollen curves could, on occasion, show a first peak that would reflect the flowering period of trees located far from the pollen trap and a second peak that would reflect pollen from trees located close to the pollen trap. Just such a situation was depicted in Pobra de Trives (northwestern Spain) for the pollen curve of Betula .
The end of the main atmospheric pollen season may also be influenced by the presence of pollen resuspended from the ground once flowering has finished. The location of the pollen-trap near a major pollen source can lead to over-representation of its pollen in counts; for example, the abundance of catkins lying on the ground after the flowering period has ended may prompt high daily mean pollen counts long after flowering, leading to a lengthening of the pollen season. This occurs in Santiago de Compostela (northwestern Spain), where every year high daily mean pollen counts are recorded even after all of the birches in Galicia have finished flowering (Dopazo et al., 2003) . Similar results were reported by Hidalgo et al. (2003) for Cupressaceae. Counts can be particularly high when the wind blows slowly and pollen is transported at a very low velocity.
Finally, when a pollen type includes different species, some of the criteria used to limit the pollen season may yield two separate pollen seasons. This is particularly likely when the flowering periods of the different species are sufficiently separate in time or when the restrictions of the criteria used split the pollen curve into two Lejoly-Gabriel and Leuschner (1983) 0.473** (55) Gala´n et al. (1995) 2002 0.757** (14) Giorato et al. (2000) 0.657** (33) Lejoly-Gabriel and Leuschner (1983) Lejoly-Gabriel and Leuschner (1983) 0.807** (157) Ja¨ger et al. (1996) )0.426* (146) Gala´n et al. (1995) )0.276** (115) Ja¨ger et al. (1996) 0.353** (101) Feher and Ja`rai-Komlo´di (1997) n.s 2002 0.297** (45) Gala´n et al. (1995) 0.653** (100) Andersen (1991) )0.456* (124) Gala´n et al. (1995) n.s 0.371** (56) Giorato et al. (2000) n.s 2003 0.443** (85) Andersen (1991) 0.604** (122) Nilsson and Persson (1981) n.s )0.474** (74) Ja¨ger et al. (1996) 0.322** (69) Sa´nchez et al. (2003) n.s **99%, *95% significance levels. a r 2 adjusted, SpearmanÕs correlation coefficient obtained between pollen concentrations and maximum temperature. separate seasons. The Quercus pollen curve in Ourense reflects the sequence of Quercus flowering in Ourense, while a late peak is commonly recorded that coincides with Q. suber flowering . Depending on the criteria used to limit the pollen season, the portion of the pollen curve corresponding to the Q. suber flowering period may be presented as a separate pollen season. Moreover, the possibility of two flowering periods in the same year for a given taxon, as occurs in some years for Q. rotundifolia and Q. suber in southern Spain (Go´mez-Casero, 2003) or for Cupressus macrocarpa and C. sempervirens (Hidalgo et al., 2003) , may also prompt the splitting of the pollen curve into two pollen seasons, which are detectable only with certain pollen-season criteria. Different criteria yield different pollen curves, which may or may not indicate such events; this is particularly the case when the criteria used are based on percentages of the annual total pollen count.
Conclusion
Pollen-season terminology needs to be reviewed and unified. Atmospheric Pollen Season appears to be the term best suited to describing this concept. The limits of the pollen season should be set in accordance with the aims of each survey. In every city, all the factors affecting the presence of pollen in the air, such as number of species included in the pollen type, pollen transport ability, meteorological conditions, annual total pollen variability, among others, should be considered in the interpretation of the aerobiological results.
More specifically, certain factors, such as the possibility of pollen transport, should be taken into consideration, and phenological observations should be made in order to select the best criterion according to local flowering behaviour. These considerations will be of particular importance when airborne pollen is used as bioindicator of flowering phenophase in climate changes investigations. In the same manner, resuspension favours the presence of pollen in the air even when there is no pollen source are in flower, leading to a prolongation of the pollen season under favourable weather conditions. Decisions taken should not be universal in nature, but will vary as a function of the pollentype under study and the particular features of the sampling site involved.
